Saline (0.9%, 285 mOsm) and Hartmann's solution (255 mOsm) are two commonly used joint irrigation solutions that alter the extracellular osmolarity of in situ chondrocytes during articular surgery. We asked whether varying the osmolarity of these solutions influences in situ chondrocyte death in mechanically injured articular cartilage. We initially exposed osteochondral tissue harvested from the metacarpophalangeal joints of 3-year-old cows to solutions of 0.9% saline and Hartmann's solution of different osmolarity (100-600 mOsm) for 2 minutes to allow in situ chondrocytes to respond to the altered osmotic environment. The full thickness of articular cartilage then was ''injured'' with a fresh scalpel. Using confocal laser scanning microscopy, in situ chondrocyte death at the injured cartilage edge was quantified spatially as a function of osmolarity at 2.5 hours. Increasing the osmolarity of 0.9% saline and Hartmann's solution to 600 mOsm decreased in situ chondrocyte death in the superficial zone of injured cartilage. Compared with 0.9% saline, Hartmann's solution was associated with greater chondrocyte death in the superficial zone of injured cartilage, but not when the osmolarity of both solutions was increased to 600 mOsm. These experiments may have implications for the design of irrigation solutions used during arthroscopic and open articular surgery.
Introduction
Arthroscopic and open interventions on articular cartilage subject the tissue to mechanical insult [9] . A mechanical injury to articular cartilage results in chondrocyte death and matrix degradation [7, 19, 22] . Articular cartilage heals poorly. Partial-thickness defects do not heal [9] and fullthickness defects repair with structurally and mechanically inferior fibrocartilage [21] . Minimizing chondrocyte death from the mechanical insult would maintain a viable chondrocyte population near the defect capable of better lateral integration and cartilage healing.
Recent work suggests the responses of in situ chondrocytes (chondrocytes embedded in their native extracellular matrix) to mechanical injury can be influenced by medium (and therefore, extracellular) osmolarity [1, 4] . In these animal models of sharp (scalpel) and blunt (impact load) mechanical injury, exposure of articular cartilage to standard culture media (Dulbecco's Modified Eagle's Medium [DMEM] , Invitrogen, Paisley, UK) with a low osmolarity increases the extent of in situ chondrocyte death, whereas exposure to a high osmolarity decreases the extent of in situ chondrocyte death [1, 4] . The cellular mechanisms responsible for the decrease in chondrocyte death at high osmolarity have yet to be elucidated but may involve a decrease in cell volume that protects cells from the mechanical insult [3, 4] . These effects on in situ chondrocyte viability are mediated within hours with no increase in cell death from 2.5 hours to 7 days [1] suggesting (1) exposure of articular cartilage to a high medium osmolarity does not compromise in situ chondrocyte function in the long term; and (2) future investigation of decreasing chondrocyte death from mechanical injury should focus on the early (within hours) effects of high medium osmolarity. Furthermore, the majority of cell death occurs in the superficial zone of injured cartilage with relative sparing of the middle and deep zones [1] . Reasons for the increased vulnerability of cells from the superficial zone also remain to be established, although the zonespecific heterogeneity in the stress-strain relationship in cartilage that results in lower compressive strain near the articular surface (and therefore, greater cell deformation and lysis) may be important [6, 16] .
Saline (0.9%) and Hartmann's solution are commonly used joint irrigation solutions [18] . During open and arthroscopic articular surgery, synovial fluid, which normally maintains the physiologic environment in a joint, is replaced by these solutions. The mean osmolarity of human synovial fluid is approximately 400 mOsm [2] . In contrast, the mean osmolarity of routinely used 0.9% saline and Hartmann's solution is lower (approximately 250-300 mOsm). In situ chondrocytes therefore experience a change (decrease) in extracellular osmolarity during the surgical procedure. Evidence from in vitro animal models of mechanical cartilage injury [1, 4] suggests this decrease in the extracellular osmolarity may increase in situ chondrocyte death from any subsequent surgical procedure that involves a mechanical insult on articular cartilage. However, these in vitro experiments [1, 4] have varied the extracellular osmolarity using standard culture media (DMEM), which contains various salts, amino acids, vitamins, and glucose. The composition of irrigation solutions normally used in vivo during articular surgery is different. Articular cartilage is a complex, heterogenous, viscoelastic, anisotropic tissue in which the osmotic sensitivity of in situ chondrocytes varies depending on the composition of the extracellular medium [5, 6, 10, 14, 15, 23, 24] . Therefore, to determine whether varying the osmolarity of an extracellular medium is relevant clinically, it is essential to establish that the spatial distribution of chondrocyte death and the responses of in situ chondrocytes to mechanical injury following alterations in the extracellular osmolarity previously observed in experiments using standard culture media, can be reproduced using joint irrigation solutions normally used during open and arthroscopic articular surgery.
We reasoned that increasing the osmolarity of 0.9% saline and Hartmann's solution in the model decreases in situ chondrocyte death in the superficial zone after mechanical injury (within hours). We specifically asked the following three questions: (1) What is the spatial distribution of in situ chondrocyte death in the full thickness of scalpel-injured articular cartilage exposed to solutions of 0.9% saline and Hartmann's solution for 2.5 hours with the osmolarity varied between 100 mOsm and 600 mOsm? (2) Does varying the osmolarity of proprietary solutions of 0.9% saline (285 mOsm) and Hartmann's (255 mOsm) influence in situ chondrocyte death in scalpel-injured articular cartilage at 2.5 hours? (3) Does the extent of in situ chondrocyte death differ between injured explants exposed to proprietary solutions of 0.9% saline and Hartmann's and modified, high osmolarity (600 mOsm) preparations of the two solutions at 2.5 hours?
Materials and Methods
Six metacarpophalangeal joints, each from different 3-year-old cows, were skinned, rinsed in water, and opened under sterile conditions within 12 hours of slaughter. We removed four osteochondral strips from each joint with a chisel and initially exposed them to a solution (preparations of 0.9% saline: 170 mOsm, 285 mOsm [control], 500 mOsm or 600 mOsm; preparations of Hartmann's solution: 255 mOsm [control] or 600 mOsm) for 2 minutes to allow in situ chondrocytes to experience and respond to the altered osmotic environment ( Fig. 1 ) [3] . The articular cartilage on each osteochondral strip then was cut through its full thickness with a Number 24 scalpel to produce three rectangular osteochondral explants (approximately 5 9 3 mm) with injured (scalpel cut) edges. Therefore, 12 rectangular osteochondral explants were obtained from each joint and because these explants were obtained from six different joints, a total of 72 rectangular osteochondral explants were analyzed (N = 6, n = 72, where ''N'' refers to the number of different animals and ''n'' refers to the total number of explants obtained from ''N'' animals) ( Fig. 1 ). Because the long scalpel-cut edges of each explant were of interest for the experiment, we used a strict notouch technique with explants handled only from the short edges. A fresh Number 24 scalpel was used for every scalpel cut and discarded after one use because of concerns regarding the retention of blade sharpness [8] . We kept osteochondral strips and injured explants wet at all times with the solution of known osmolarity. All explants (N = 6, n = 72) were incubated (37°C, 5% CO 2 ) for an additional 2.5 hours in the solution of known osmolarity (ranging between 100 and 600 mOsm). Explants were exposed to the fluorescent probes, 5-chloromethylfluorescein diacetate (CMFDA, 5 lmol/L) and propidium iodide (PI, 5 lmol/L), during the final 30 minutes of incubation to label live and dead cells, respectively. Finally, we transferred explants to 10% formalin (v/v in saline) for fixation and stored them at 4°C in phosphatebuffered saline before microscopy. , we acquired 921 9 921-lm 2 optical sections at 10-lm intervals in the coronal and axial planes of mechanically injured articular cartilage (Fig. 2 ). Coronal optical sections imaged the full thickness of cartilage and were acquired at the scalpel-cut surface to a depth of approximately 80 lm into the tissue (y-axis). We acquired axial optical sections near the cut edge of the articular surface to a depth of approximately 60 lm into the tissue (z-axis), exclusively imaging the superficial zone in this region. By imaging the scalpelcut edges of articular cartilage in coronal and axial planes, in situ chondrocyte death was evaluated in the entire region of injured cartilage (ie, full thickness and articular surface perspectives). Three-dimensional reconstructions of the imaged volume of articular cartilage, referred to as CLSM projections, were created from the consecutive series of optical sections using Volocity 4 (Improvision, Coventry, UK) imaging software ( Fig. 2) .
We determined the percentage cell death (1009 number of dead cells/number of dead and live cells) in threedimensional regions of interest (ROI) positioned on coronal and axial CLSM projections. For coronal CLSM projections (imaging all zones in the full thickness of cartilage), percentage cell death (PCD FT , where FT refers to full thickness) was quantified at 100-lm intervals from the articular surface downward in a ROI measuring 921 9 80 9 100 lm 3 (x-y-z axes, respectively). The limit for PCD FT measurements was taken as 400 lm from the articular surface because the ROIs overlapped with the tidemark at greater depths into cartilage. For axial CLSM projections (imaging only the superficial zone), we determined percentage of cell death (PCD SZ , where SZ refers to the superficial zone) in a ROI measuring 921 9 200 9 60 lm 3 (x-y-z axes, respectively) positioned at the injured cartilage edge. This ROI included the band of cell death at the scalpel-cut edge and the adjacent uninjured region of the articular surface. Objects (individual cells) in the green (live cells) and red (dead cells) channels in each ROI were identified by thresholding voxel (volumetric pixel) intensity, a validated and reproducible technique of automated computer-generated cell counting [1, 12, 13] . For this study, percentage thresholds of voxel intensity were set using a histogram of measured values for all objects identified in each channel. The upper limit was always 100% with minor adjustments of the lower limit (minimum 5%) to account for variations in cell dye loading, detector sensitivity, and noise between images. All cells touching the ROI The osteochondral strip initially was exposed to a solution of known osmolarity for 2 minutes to allow in situ chondrocytes to respond to the altered osmotic environment. (D) Rectangular osteochondral blocks then were cut from the osteochondral strip (three from each strip) using a Number 24 scalpel. (E) Each rectangular osteochondral explant then was incubated separately in the same solution as initially exposed to in Illustration C for an additional 2.5 hours (white bar = approximately 1 cm).
were included in the counts and combined objects (neighboring cells in close proximity incorrectly identified as single objects) in the ROI separated. This protocol returned a list of measured objects in the green and red channels. When ordered by volume, objects in the green channel less than 500 lm 3 and in the red channel less than 200 lm 3 were attributed to background noise and excluded from the cell counts. Finally, the entire ROI was observed in three dimensions to adjust for any remaining background noise before the software program generated automated live and dead cell counts.
The rationale for using scalpel-injured, rectangular osteochondral explants to study the effects of medium osmolarity on chondrocyte death was reported previously [1] . CLSM allowed tissue imaging without physical sectioning (that is often necessary for conventional histologic analyses) and closely reflects the extent of in situ chondrocyte death in three dimensions at the mechanically injured cartilage edge. Quantification of in situ chondrocyte death from full-thickness (coronal imaging) and articular surface (axial imaging) perspectives, using intensity thresholding techniques for automated cell counting and large ROIs containing more than 1000 cells, provides objective, spatial definitions of the heterogeneous, zonespecific responses of in situ chondrocytes to mechanical injury. All data are presented as means ± standard error and represent observations from at least three different animals for each statistical analysis. The data were normally distributed and parametric tests were used to compare observations between groups. Percentage cell death in the full thickness of articular cartilage (PCD FT ) was quantified for injured explants as a function of increasing depth from the articular surface to determine the spatial distribution of in situ chondrocyte death after mechanical injury. Because chondrocyte death was localized to the superficial zone of articular cartilage, we quantified percentage cell death in the zone (PCD SZ ) in axial CLSM projections, which exclusively imaged the superficial zone in an en face view, observing the band of cell death at the injured cartilage edge and the adjacent uninjured region of the articular surface. We determined the difference in percentage cell death in the superficial zone (PCD SZ ) between explants exposed to increasing osmolarity (100 mOsm to 600 mOsm) of the 0.9% saline solution using an analysis of variance (ANOVA). Because this ANOVA included replicates of explants from the same animal, a two-way analysis was used with the treatment being a fixed factor and the animal from which the explant came being regarded as a random factor. We determined differences in PCD SZ between explants exposed to solutions of Hartmann's and 0.9% saline using paired Student's t-tests. For paired comparisons, values of replicates of an experiment from the same animal were averaged to obtain a single data point for each animal. We performed all statistical analyses using SPSS Version 13.0 (SPSS Inc, Chicago, IL).
Results
PCD FT indicated cell death mainly occurred in the superficial zone (approximately the first 100 lm from the articular surface) of injured cartilage for explants exposed to 100, 285, and 500 mOsm 0.9% saline solutions and the 255 mOsm Hartmann's solution with relative sparing of the middle and deep zones (Figs. 3, 4 ). For explants exposed to the modified, high osmolarity (600 mOsm) preparations of 0.9% saline and Hartmann's, PCD FT in the first 100 lm of the articular surface was similar to the PCD FT at depths greater than 100 lm (Figs. 3, 4) . PCD SZ decreased (p = 0.048) in explants exposed to increasing osmolarity (from 100 mOsm to 600 mOsm) of the 0.9% saline solution (N = 3, n = 36) ( Fig. 5 ). Compared with the control explants exposed to Hartmann's solution (255 mOsm) and 0.9% saline (285 mOsm), PCD SZ decreased (p = 0.006 for the Hartmann's solutions; p = 0.01 for the saline solutions) for explants exposed to the modified, high osmolarity (600 mOsm) preparations of Hartmann's and 0.9% saline (N = 3, n = 36) ( Fig. 6 ).
PCD SZ was greater (p = 0.03) for explants exposed to the control solution of Hartmann's solution (255 mOsm) compared with the control solution of 0.9% saline (285 mOsm), but there was no difference (p = 0.5) in PCD SZ between explants exposed to the modified, high osmolarity (600 mOsm) preparations of Hartmann's solution and 0.9% saline (Fig. 6 ).
Discussion
Two commonly used joint solutions during arthroscopy, saline (0.9%, 285 mOsm) and Hartmann's solution (255 mOsm), alter the extracellular osmolarity of in situ chondrocytes during articular surgery and ostensibly are associated with increased superficial zone chondrocyte death in the face of injury [1, 4] . We therefore asked the following questions: (1) What is the spatial distribution of in situ chondrocyte death in the full thickness of scalpelinjured articular cartilage exposed to solutions of 0.9% saline and Hartmann's solution for 2.5 hours with the osmolarity varied between 100 mOsm and 600 mOsm? (2) Does varying the osmolarity of proprietary solutions of 0.9% saline (285 mOsm) and Hartmann's (255 mOsm) influence in situ chondrocyte death in scalpel-injured articular cartilage at 2.5 hours? (3) Does the extent of in situ chondrocyte death differ between injured explants exposed to proprietary solutions of 0.9% saline and Hartmann's and modified, high osmolarity (600 mOsm) preparations of the two solutions at 2.5 hours?
There are certain limitations to this study. First, caution must be exercised in extrapolating conclusions from an in vitro bovine cartilage system to the human clinical scenario, because the responses to mechanical injury and the osmotic sensitivity of in situ chondrocytes may differ [20] . In this model we used a single scalpel cut to represent a sharp mechanical injury to articular cartilage to (1) orientate cut edges in the same plane, avoiding variation in matrix damage and chondrocyte death that may be attributed to anisotropic properties and (2) allow a single scalpel cut to be made in push-through mode [7] minimizing variation in the applied force that potentially could influence the extent of cell death. Therefore, any variation in chondrocyte death from the mechanical injury was minimized between explants, allowing the effects of altering medium osmolarity on cell death to be studied with greater sensitivity. However, during open and arthroscopic surgery the magnitude and direction of the applied force during a surgical procedure on articular cartilage is likely to be more variable and consequently, the magnitude of any decrease in chondrocyte death from increasing medium osmolarity in vivo also may be different from that observed in vitro. Additionally, the effects of high osmolarity solutions on other tissue in synovial joints such as synovial lining and menisci are not known at present. However, the osmolarity of human synovial fluid ranges between approximately 350 and 450 mOsm [2] , greater than the osmolarity of routinely used joint irrigation solutions (250-300 mOsm). Therefore, it is unlikely that high osmolarity solutions would have a negative effect on the soft tissues in synovial joints, although such investigation would be important before their use in vivo. Notwithstanding these limitations, such animal models form the basis for future in vivo research, and we believe the data may have implications for the design of irrigation solutions used during arthroscopic and open articular surgery-the decrease in chondrocyte death by increasing the osmolarity of irrigation solutions merits future investigation in human articular cartilage. Second, the extracellular osmolarity experienced by in situ chondrocytes has not been measured directly. Cartilage (with high fixed negative charges) contains a high concentration of free cations (mainly Na + ) and a low concentration of free anions (mainly Cl À ) compared with surrounding synovial fluid, and its interstitial osmolarity is greater with precise values determined by the local proteoglycan concentrations and the Gibbs-Donnan equilibrium conditions [23, 24] . As medium osmolarity increases, there is a corresponding increase in extracellular osmolarity in cartilage. This is evident from the reciprocal changes in Fig. 3 Coronal CLSM projections of the injured cartilage edge and PCD FT as a function of increasing saline osmolarity (100-600 mOsm) are shown. The panels show coronal CLSM projections of the full thickness of articular cartilage. The bar chart shows the corresponding pooled data for PCD FT as a function of increasing depth from the articular surface. In situ chondrocyte death is localized mainly near the articular surface (ie, superficial zone, 0-to 100lm depth interval) for explants exposed to 100, 285 (control), and 500 mOsm saline solutions with relative sparing of the middle and deep zones. At 600 mOsm, there is a decrease in PCD FT in the 0-to 100-lm depth interval of injured articular cartilage. Cell death has been quantified only in hyaline cartilage tissue; the PI staining in the calcified layer of cartilage below the tidemark has not been included. (N = 3, n = 12, white bar = 100 lm). PCD = percentage cell death.
chondrocyte volume that occur with alterations in medium osmolarity [3] . A mathematical calculation for estimating the extracellular osmolarity for in situ bovine articular chondrocytes as a function of medium osmolarity has been described [3] . Third, although we used a validated and reproducible computer-generated cell counting technique to quantify cell death [12, 13] , there is always the potential for error in such an automated system. However, with automated analyses, the error is consistent between different images [12] and, therefore unlikely to affect eventual conclusions. In our experience of using automated cell counts, measured values of cell density [1] have been comparable to zone-specific measurements in bovine cartilage derived using histologic and stereologic quantitative techniques [26] .
We found in situ chondrocytes in the superficial zone were most susceptible to the full-thickness cartilage injury. These findings confirm those in previous experiments with scalpel-injured cartilage [1] and after blunt injuries from impact and cyclical trauma [4, 5, 11, 17] . Furthermore, exposure of articular cartilage to modified, high osmolarity (600 mOsm) preparations of 0.9% saline and Hartmann's solution decreased the extent of cell death in the superficial zone ( Figs. 3, 4) . These data suggest cells in the superficial zone are not only most susceptible to mechanical injury, but also most sensitive to the effects exerted by high Fig. 4 Coronal CLSM projections of the injured cartilage edge and PCD FT compare the extent of cell death between 0.9% saline and Hartmann's solution. The panels show coronal CLSM projections of the full thickness of articular cartilage. The bar chart shows the corresponding pooled data for PCD FT as a function of increasing depth from the articular surface. In situ chondrocyte death is localized mainly near the articular surface (ie, superficial zone, 0-to 100lm depth interval) for explants exposed to control solutions of Hartmann's solution (255 mOsm) and 0.9% saline (285 mOsm) with relative sparing of the middle and deep zones. For explants exposed to the modified, high osmolarity (600 mOsm) of Hartmann's solution and 0.9% saline, there is a decrease in PCD FT in the 0-to 100-lm depth interval of injured articular cartilage (N = 3, n = 12, white bar = 100 lm). CLSM = confocal laser scanning microscopy; PCD = percentage cell death. osmolarity solutions. However, the precise mechanism responsible for the decrease in superficial zone chondrocyte death remains to be elucidated. The superficial zone has the highest permeability to solute and fluid [14, 15] , and it is possible that by virtue of their location close to the articular surface, superficial zone chondrocytes may be most sensitive to the osmotic effects of a bathing solution. It follows that these cells also may derive the most benefit from any potential chondroprotective effect exerted by the osmolarity of the solution.
Our data suggest increasing the osmolarity of 0.9% saline and Hartmann's solution decreases in situ chondrocyte death (in the superficial zone) after mechanical injury.
We used sucrose for increasing the osmolarity of the solutions because the disaccharide is impermeable across animal cell membranes and is not metabolized by articular chondrocytes. An alternative would be to use sodium chloride to increase the osmolarity of the solutions because it has similar, but not identical, effects on matrix synthesis rates compared with sucrose when used at identical osmolarities [24] . The small difference is the result of differential effects of sucrose and sodium on intracellular composition [24] . Sucrose addition would decrease chondrocyte volume, thereby raising intracellular ion concentrations. When sodium chloride is used as an osmotic replacement, it is likely that in addition to a decrease in chondrocyte volume, Fig. 5 Axial CLSM projections are shown of the injured cartilage edge and PCD SZ as a function of increasing saline osmolarity (100-600 mOsm). The panels show axial CLSM projections of the articular surface. The graph shows the corresponding pooled data for PCD SZ as a function of increasing saline osmolarity. The band of superficial zone chondrocyte death at the cut cartilage edge (PI-stained red nuclei) decreases for explants exposed to increasing osmolarity of the saline solution (N = 3, n = 36, white bar = 100 lm). CLSM = confocal laser scanning microscopy; PCD = percentage cell death; PI = propidium iodide. there will be an additional increase in the intracellular sodium ion concentration potentially leading to altered activity of sodium-dependent membrane transporters, particularly those involved in intracellular pH regulation [25] . Thus, interpretation of the results using sucrose is easier because only chondrocyte volume is altered with minimal changes to cell sodium levels. These in vitro experiments also confirm that the decrease in chondrocyte death by increasing the osmolarity of standard culture media (DMEM) noted in previous studies [1, 4] can be reproduced using joint irrigation solutions in common use during articular surgery. These data strengthen the rationale for increasing the osmolarity of joint irrigation solutions to decrease chondrocyte death from mechanical trauma, for instance during débridement of cartilage defects, placement of intraarticular screws for articular fractures, or harvest of osteochondral plugs for transplantation using circular osteotomes.
Hartmann's solution (255 mOsm) was associated with greater superficial zone chondrocyte death at the cut edge compared with 0.9% saline (285 mOsm) ( Fig. 6 ). However, the difference in the extent of cell death between these two solutions was not completely accounted for by the lower osmolarity of the Hartmann's solution. In Fig. 6 Axial CLSM projections of the injured cartilage edge and PCD SZ compare the extent of cell death between 0.9% saline and Hartmann's solution. The panels show axial CLSM projections of the articular surface. The bar chart shows the corresponding pooled data for PCD SZ as a function of the osmolarity of Hartmann's solution and 0.9% saline. The band of superficial zone chondrocyte death at the cut cartilage edge decreases after increasing the osmolarity of Hartmann's solution (255 mOsm) and 0.9% saline (285 mOsm) to 600 mOsm (N = 3, n = 36, white bar = 100 lm). CLSM = confocal laser scanning microscopy; PCD = percentage cell death.
Volume 468, Number 3, March 2010 Irrigation Osmolarity May Influence Cartilage Cell Death 883 addition to sodium chloride, Hartmann's solution also contains 2 mmol/L of calcium as a chloride salt. The presence of calcium in Hartmann's solution is believed to support chondrocyte metabolism better than solutions without added calcium such as 0.9% saline, which have been considered unphysiologic [18] . However, recent work suggests a reduction in calcium in the extracellular medium also decreases chondrocyte death after mechanical injury, possibly through the prevention of an increase in cytoplasmic calcium [10] . We suggest the greater chondrocyte death associated with Hartmann's solution compared with 0.9% saline is not only the result of the lower osmolarity of the Hartmann's solution, but also the result of the calcium present in its preparations. We observed no difference in the extent of cell death between Hartmann's solution (255 mOsm) and 0.9% saline (285 mOsm) if the osmolarity of either solutions was increased to 600 mOsm, suggesting a higher osmolarity not only elicits a relatively greater beneficial effect for the Hartmann's solution, but also negates the additional cell death that may be attributed to the elevated calcium.
Increasing the osmolarity of 0.9% saline (285 mOsm) and Hartmann's solution (255 mOsm) to 600 mOsm decreases in situ chondrocyte death in a bovine model of mechanical cartilage injury. These experiments may have implications for the design of irrigation solutions used during articular surgery and merit future investigation in human articular cartilage.
